Local strain and Ge content distribution in self-assembled, in-plane Ge/Si nanowires grown by combining molecular beam epitaxy and the metal-catalyst assisted-growth method were investigated by tip-enhanced Raman scattering. We show that this technique is essential to study variations of physical properties of single wires at the nanoscale, a task which cannot be achieved with conventional micro-Raman scattering. As two major findings, we report that (i) the Ge distribution in the (001) crystallographic direction is inhomogeneous, displaying a gradient with a higher Ge content close to the top surface, and (ii) in contrast, the (uncapped) wires exhibit essentially the same small residual compressive strain everywhere along the wire.
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The quest for devices with advanced optoelectronic properties mainly driven by the MOSFET technology has drawn substantial attention towards materials with enhanced electrical performance. Many different approaches have already been extensively discussed, such as the use of strained Si layers [1, 2] , Ge as a replacement for Si [2] [3] [4] [5] , and even utilizing III-V materials as active layers [2, [6] [7] [8] . In particular, it was shown that strain provides the best potential to enhance the electrical performance of nanodevices, i.e. it offers a larger gain than high-κ gates, fully depleted silicon-on-insulator (SOI), or multi-gate devices [9] . Typical sizes of CMOS gates nowadays are around 20 nm, which naturally raises the question about the influence of quantum confinement effects and the possibility to profit from them to enhance device performance. Germanium nanowires (NWs) appear as suitable candidates due to their compatibility with the already well developed Si-based industry. Several authors have already investigated the electrical transport properties of field-effect transistors made out of single Ge NWs [10] [11] [12] [13] [14] . In addition, Ge NWs are also promising candidates for next generation thermoelectric nanodevices. Recently, it has been demonstrated that Si NWs exhibit a large reduction in the thermal conductivity (κ), resulting in a 100-fold improvement of the thermoelectric figure of merit (ZT ∝ 1/κ) relative to the bulk material [15, 16] . Measurements in suspended Si 1−x Ge x NWs yielded a strong composition dependent reduction of the thermal conductivity (up to one order of magnitude) as compared to pure Si NWs [17] . The compositional trend was shortly thereafter confirmed by molecular dynamics simulations [18] . At this point, it is clear that local strain and composition have great influence on the electrical and thermal properties of Si 1−x Ge x nanometric systems and, thus, their accurate determination is essential for designing devices.
Tip-enhanced Raman scattering (TERS) is a unique spectroscopic technique since it combines the versatility, ease of use and analytical power of Raman scattering with an unprecedented spatial resolution that beats the diffraction limit. A sharp metallic tip is used to enhance the incident electromagnetic field through two main physical effects: the lightning-rod effect and the resonant coupling of the incident laser to localized plasmons at the apex of the metallic tip [19] . Thus, TERS is a promising experimental technique which has already shown several recent breakthroughs in surface science [20] and nanotechnology [21] . Regarding Ge NWs, Ogawa et al [22] have recently investigated Au-catalyzed free-standing single Ge NWs using TERS. They have found that for Ge NWs with diameters smaller than 20 nm the TERS spectra exhibit two components interpreted as originating from crystalline and amorphous Ge, and that Ge-Ge optical phonons arising from the core region might be affected by phonon confinement.
In this work, we investigate local strain and Ge content distribution in self-assembled Ge/Si(001) NWs [23] . This system is particularly interesting since the Ge NWs grow in-plane oriented along the [110] and [110] crystallographic directions of the Si(001) substrate, which was previously pre-patterned by a focused ion beam (FIB) using Au 2+ ions. We focus mainly on unraveling the strain and composition of single Ge NWs using TERS. The Ge content of the NWs is shown to be higher towards their top surface (x ≈ 0.9), as determined in the TERS configuration, whereas a lower average Ge composition (x ≈ 0.8) is obtained using conventional micro-Raman scattering. We have also investigated the strain distribution along single NWs, concluding that they are slightly but similarly compressively strained along the wire. Finally, evidence of the incorporation of traces of the Au catalyst into the Ge NWs is obtained from the observation of three additional TERS peaks interpreted as Au-related Ge-Ge local vibrational modes.
The Ge NWs were grown following a three-step procedure consisting in (1) nanopatterning of Si(001) substrates using FIB, (2) AuSi cluster formation through annealing of the previously patterned substrates, and (3) growth of the Ge NWs using molecular beam epitaxy assisted by the metal catalyst. A detailed description of the growth sequence has been published elsewhere [23] . The TERS measurements were made at room temperature using a commercially available combination of an atomic force microscope (AFM) XE-100 from Park Systems coupled to a LabRam HR-800 spectrometer from Horiba Jobin-Yvon. As excitation source we used the 532 nm line from a frequency-doubled Nd:YAG laser. The spectra were collected in backscattering geometry with an angle of incidence of the laser of 60 • with respect to the normal to the substrate ([001] direction). Figure 1 shows a schematic diagram of the TERS experimental setup. The absolute error in the determination of the Raman peaks was better than 0.3 cm −1 , and the spectra were recorded with a Peltier-cooled charge-coupled device (CCD) camera. The laser power on the sample was always kept below 100 µW to avoid local heating of the NWs. The TERS experiments were done in contact mode AFM with a Au-coated tip purchased from Veeco. In this working mode, the exponential dependence on sample-tip distance of the TERS signal leads to an extremely high spatial resolution Figure 1 . Sketch of the TERS experimental setup. We note that the AFM tip can be completely removed, which enables measurements in the typical normal-incidence backscattering micro-Raman configuration.
in height [24] . The Raman signal is no longer amplified by the tip, if the latter retracts by more than 5-10 nm from the sample surface. This, in turn, means that in contact mode the tip senses only a small volume of the sample corresponding to the extension of the near field of the tip into the dielectric, with which a penetration depth of about 5 nm is associated. In contrast, the lateral spatial resolution of the TERS configuration is much worse. We estimated it to be about 100 nm, as obtained from reference measurements on single carbon nanotubes using similar tips. This might result from the fact that the whole tip is covered by the metal rather than only its apex, which means that plasmon-resonance enhancement of the near fields is also possible at the side walls of the tip. We emphasize that the high spatial resolution of the AFM tip for topography measurements remains better than 10 nm, i.e., this resolution is not spoiled by metallization of the tip. Finally, the same experimental setup also allows for performing measurements using a typical micro-Raman configuration, i.e. normal-incidence backscattering geometry without the presence of the AFM tip.
Figures 2(a) and (b) show representative scanning electron microscopy (SEM) images of the investigated sample. The NWs grow in-plane aligned with one of two principal crystallographic axes of the Si substrate, the [110] and [110] . Regarding their cross section, these nanostructures exhibit a trapezoidal section with the (001) and (113) facets exposed [23] . Figures 2(c) and (d) show an AFM image of two investigated NWs (denoted as NW-1 and NW-2). The mean length of NW-1 (NW-2) is about 725 nm (845 nm), its width at its base is 160 nm (140 nm), and its height is about 16 nm (13 nm). The centers of the circles labeled 1-4 (1-6) represent the positions where the AFM tip was positioned for recording the TERS spectra. Note that positions 1-3 (1-5) are spatially distributed over NW-1 (NW-2), while position 4 (6) was chosen far from the wires. As seen in figures 2(c) and (d), NW-1 is almost perpendicular to NW-2, which allows us to study the possible influence of the laser polarization on the TERS spectra. For the present geometry the laser polarization direction is contained in the (001) plane (almost parallel to NW-1, i.e. s-polarized light) as shown in figure 2(d). In order to maximize the TERS signal the polarization of the incident laser light was continuously changed using a λ/2 plate between s polarized and p polarized. We note that maximum TERS signal was obtained for s-polarized light, which arises from the type of tip used in the present experiments. When a sharp metallic tip is used for enhancing the incident laser usually p-polarized light leads to a larger enhancement, whereas in the present case the enhancement is given by the Au nanoparticles present in the AFM tip, which are symmetric with respect to the incident laser polarization. Finally, strong kinking of the Ge NWs is observed in figure 2 , which was discussed in detail in a previous publication [23] .
In figure 3 we show micro-Raman and TERS spectra for NW-1 and NW-2. In all cases, the spectra were normalized to the intensity of the longitudinal-optical (LO) phonon arising from the Si substrate, where its intensity has been cut off for better visualization of the remaining peaks. Four different spectra were taken in each case labeled (a)-(d). Spectra (a) represent the normal-incidence backscattering micro-Raman spectra of the Si substrate. The peak observed around 301 cm −1 arises from second order Raman scattering by transverse-acoustic phonons of the Si substrate (2TA). We point out that none of the Raman modes arising from the Si substrate are amplified in the TERS configuration since the substrate is already outside of the enhancement region (≈5-10 nm from the upper surface of the NWs). The spectra labeled (b) were also recorded using the micro-Raman normal-incidence backscattering configuration, i.e., no AFM tip is present within the laser spot. The laser was focused at the center of the pattern shown in figure 2(a) . The peak observed around 297.8 cm −1 , which corresponds to the Ge-Ge LO phonon mode, has a linewidth of about 20 cm −1 (FWHM).
The origin of such a large width might be inhomogeneous broadening due to the variety of nanostructures probed within the laser spot (≈2 µm 2 ) in the micro-configuration. The spectra labeled (c) were measured in TERS configuration with the tip withdrawn from the NW sample but with the laser at an angle of about 60 • with respect to the normal to the substrate. We notice that peak position and FWHM are fully consistent with the spectra recorded in the normal-incidence micro-configuration, despite the oblique incidence. Finally, when the AFM tip is approached to the NWs, the Raman spectrum changes into spectrum (d). For NW-1 (upper panel) a new peak shows up at around 299.9 cm −1 with an FWHM of only about 6.2 cm −1 . This peak arises from Raman scattering processes by the Ge-Ge LO phonon, whose signal is amplified by the strong near field of the tip, which was positioned at the center of NW-1 (point 2). An equivalent peak appears in contact mode for NW-2 with similar position and linewidth, also taken in the central position of NW-2. Since the broader peaks centered at 297.8 cm −1 observed in spectra (c) are also present in spectra (d), we made a careful deconvolution of the latter in order to separate the TERS contribution from the conventional Raman scattering signal. For this purpose spectra (c) were fitted using a Gaussian lineshape, which was subsequently used to fit the TERS spectra (d), keeping constant peak position and linewidth from (c), while its intensity was left as a free parameter. We remark that only the TERS contribution rapidly disappears if the AFM tip is withdrawn from the wire. Nevertheless, we were not able to estimate the enhancement factor for the TERS effect due to the lack of a reference, since the TERS contribution is completely absent when the tip is withdrawn.
In addition, the vibrational mode arising from Si-Ge bonds is also apparent in the spectra, changing its center position from 395 to 405 cm −1 , depending upon whether the AFM tip is in contact or not, respectively. This indicates that the Si-Ge mode also exhibits TERS enhancement, but in this case no deconvolution is needed to separate the two contributions due to the large splitting between the peaks (≈10 cm −1 ). Regarding laser polarization relative to the wire axis, no clear influence of the wire orientation was observed after investigating a large number of NWs. This means that, as far as the selection rules are concerned, the TERS contribution behaves similarly to the micro-Raman signal. Finally, we point out that size effects on the phonon frequencies can be ruled out in the present experiments due to the large height of the NWs. Size effects are expected to be important only below 7 nm as reported for Ge nanocrystals [25] .
By combining the frequency of the Ge-Ge LO mode with that of the Si-Ge mode we are able to compute the residual Table 1 . Computed values of Ge composition x and residual strain for both NWs in the micro, withdrawn, and contact configurations calculated using the measured Ge-Ge and Si-Ge frequencies. The values in the TERS configuration were extracted from the spectra measured at positions 2 and 3 for NW-1 and NW-2, respectively. strain and Ge content for each NW using the following equations [26] :
where ω i are the measured vibrational frequencies for each mode, ω i 0 is the mode frequency in the absence of strain [27, 28] , b i s is the strain-shift coefficient [29, 30] , and is the in-plane strain of the nanowires, assuming that the epitaxial wires are biaxially stressed by the Si substrate. We point out that this assumption is based on previous work [31] , where the strain status of a closely related system, namely self-assembled Ge/Si quantum dots, was inferred by inspecting the Ge-Ge LO phonon pressure coefficient. The system of equations (1) and (2) is then solved to obtain Ge composition x and residual strain . As a rule of thumb, for the present compositional range (x ≈ 0.9) a blue-shift (red-shift) in the frequency of the Ge-Ge (Si-Ge) mode indicates a higher Ge content. We show in table 1 the resulting values for NW-1 and NW-2 in the case of the micro, withdrawn, and contact configurations, corresponding to spectra (b)-(d) of figure 3 . A striking result concerns the composition values obtained in each case. Whereas the x values from the micro-Raman measurements are in good agreement with those extracted from the withdrawn case, resulting in x ≈ 0.79, the composition from both spectra in contact mode is more than 10% higher: we obtain x ≈ 0.9 and x ≈ 0.89 for NW-1 and NW-2, respectively. This result is a clear indication that the local Ge content is not uniform but varies (increases) from the base to the top of the NW. We are led to this conclusion by considering the different regions of the wire being sensed by TERS or in micro-Raman experiments. The penetration depth at the laser wavelength (green) for the Ge content of the wire is about 50 nm, i.e., it is larger than the wire height. As a consequence, a micro-Raman scattering measurement yields just an average value for the Ge content of the NW. This effect might also contribute to the inhomogeneous broadening of the micro-Raman peaks. In contrast, when the AFM tip is approached to the NWs the incident laser field is highly enhanced locally only within a region close to the upper wire surface. Thus, the spectra taken in contact mode probe the composition of a thin layer of about 5 nm underneath the top wire surface [32] , which appears to be richer in Ge as compared to the average Ge content of the NWs. Regarding the values obtained for we note that in all cases the residual strain is negative (compressive) but very small, indicating that the large lattice mismatch between Si (5.431Å) and Ge (5.650Å) is almost but not fully relaxed at the top part of the NWs. Actually, such a composition gradient and strain-depth profile are characteristic of uncapped nanostructures that emerge as a result of a three-dimensional epitaxial growth of two materials with a large lattice mismatch, as is the case of Ge/Si quantum dots, for example. As shown before by means of a cumbersome stepwise wet etching procedure for uncapped Ge dots grown on Si [33] [34] [35] , the Ge fraction is lowered by strain-driven Si interdiffusion and the compressive strain is maximal at the base of the dot, whereas the material at the summits of the islands is almost strain relaxed and richer in Ge. We demonstrate here directly by TERS that a similar situation holds for the self-assembled in-plane Ge nanowires.
We now turn into the discussion of the lower energy modes apparent in figure 3 at 274, 266, and 250 cm −1 for NW-2. We point out that these modes were not observed for all the investigated NWs (e.g., see the case of NW-1). Nevertheless, we believe it is interesting to discuss the possible origin of these peaks, which are not spurious. For this purpose we inspired ourselves with previous observations in Si-Ge alloys [27] , where, due to the large atomic mass difference between these elements (m Ge /m Si ≈ 2.6), several extra Si-Si vibrational modes appear with a frequency that depends on the number of Ge atoms surrounding each Si atom within its first nearest-neighbor sphere. Since the coordination number of each atom in diamond-type semiconductors is four, combinations with zero, one, two, and three Ge atoms surrounding a Si atom (bound to another Si atom) are possible. They are denoted as Si-Si-0 (or Si-Si), Si-Si-1, Si-Si-2, and Si-Si-3, respectively. In consequence, the effective spring constant for each mode can be computed considering that the Ge atoms do not contribute (do not vibrate) due to their large atomic mass as compared to Si. The resulting expression for the vibrational frequency of each mode is [27] 
where ω Si-Si is the pure mode frequency, and j is the number of heavier atoms occupying first nearest-neighbor positions. In fact, these ideas can be extended to the case of Ge as host material with Au impurities, since m Au /m Ge ≈ 2.7. We note that, although Au is usually incorporated as substitutional into the Ge lattice [36] , the precise nature of the bonds between Au and Ge is irrelevant within this simple model. It is sufficient that an atom of Au is neighbor to one Ge atom so that the effective spring constant of this bond is modified [27] . By replacing ω Si-Si by ω Ge-Ge in equation (3), we obtain vibrational frequencies of 280, 260, and 237 cm −1 for j = 1, 2, 3, respectively. These values are in reasonable agreement with the experimental ones (274, 266, and 250 cm −1 ), which, despite the simplicity of the approximation used, strongly supports an interpretation of the additional Raman peaks as local vibrational modes (LVMs). We were also concerned with the possible variation of the spectra when taken at different points on a single wire. Figure 4 shows the dependence of the Ge-Ge phonon frequency (upper panel) and the Ge-Ge-1 local vibrational mode (lower panel) on the position along the corresponding wires. Just by inspecting the data for the Ge-Ge mode, it is not possible to unambiguously infer a spatial dependence along the NW since the observed shifts are within experimental uncertainty. In contrast, the local vibrational Ge-Ge-1 mode exhibits a more pronounced spatial dependence. In principle, it is reasonable to expect a larger sensitivity of this mode to the local strain, whereas it should by its nature remain basically independent of the local composition. Note that the existence of this mode depends only on fulfilling the condition Au-Ge≡3Ge (i.e., one Ge atom with another three Ge atoms + one Au atom as first nearest neighbors), while its frequency is substantially insensitive to variations in atomic composition beyond the first coordination sphere. Consequently, from the spatial dependence of this mode we might be able to infer that NW-2 is more compressed in the middle region and that strain relaxation takes place towards the wire ends, which is consistent with the smaller height of NW-2 (and thus more prone to stress from the Si substrate). We note that the FWHMs of the modes in figure 4 do not exhibit any appreciable variation along the length of the NWs.
Finally, we would like to comment on the TERS results obtained for the points labeled 4 (NW-1) and 6 (NW-2) in figure 4, which were measured for comparison out of the NWs. Due to the poor lateral resolution of the TERS tip and the high density of nanostructures such as NWs and quantum dots that formed in the FIB patterned region of this sample, the Ge-Ge mode is also observed at points 4 and 6 but with a different frequency and intensity. Note that the frequency of the Ge-Ge mode at point 4 is red-shifted with respect to that of points 1-3. This is probably because the small nanostructures around point 4 might be subjected to more Si interdiffusion from the substrate, as is well known for flat pyramidal quantum dots [33] [34] [35] . In contrast, at point 6 the Ge-Ge mode exhibits a blue-shift with respect to the frequency measured at points 1-5. This might originate from probing the large nanostructure present next to point 6. In contrast, the Ge-Ge-1 LVM at point 6 does not show any appreciable shift, which is consistent with the fact that this mode is less sensitive to local composition, as previously discussed.
In conclusion, by using tip-enhanced Raman scattering we were able to detect variations at the nanoscale in local strain and composition of in-plane Ge/Si NWs formed by Au-assisted epitaxial growth on Si(001) pre-patterned substrates. We show that such inhomogeneities can only be directly determined in single wires by means of TERS, since conventional micro-Raman scattering yields only average values. As a striking result, we have found that the Ge content of the NWs is about 10% larger close to the surface of the NWs as compared to their average composition x ≈ 0.8, clearly indicating that Si interdiffusion from the substrate is promoted as a way to relax elastic strain. In addition, several TERS peaks were in some cases observed below the frequency of the Ge-Ge phonon, which might be interpreted as local vibrational modes arising from the incorporation of Au atoms into the Ge NWs. In this way, we have demonstrated the great potential of the TERS technique for a rapid, precise and spatially resolved characterization of a variety of semiconductor nanostructures without the need of any special sample preparation.
